This paper presents the investigation of Al 2 O 3 /PAG nanolubricant performance for a compact vehicle mobile air conditioning (MAC) system. The Al 2 O 3 /PAG nanolubricant in this study is prepared by using two-step preparation method and stabilized using 4-Step UV-Vis Spectral Absorbency Analysis. An enhancement in the coefficient of performance (COP), reduction in compressor work, and enhancement in the cooling capacity of MAC employing Al 2 O 3 /PAG nanolubricant are recorded up to 31%, 26% and 32%, respectively, for 0.010% volume concentration. The current MAC performance is compared with MAC employing SiO 2 /PAG nanolubricant from previous study. The comparison shows that the Al 2 O 3 /PAG nanolubricant has better performance in term of cooling capacity, compressor work, and COP at an average of 6%, 8%, and 33%, respectively. Therefore, the finding from this study suggests Al 2 O 3 /PAG nanolubricant with a volume concentration of 0.010% as an optimum and best performance nanolubricant for MAC systems.
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Introduction
From the early 1970s, mobile air conditioning (MAC) systems have become a standard addition to all passenger vehicles. The primary objective of an MAC system is to provide thermal comfort by maintaining the temperature inside the carriage cabin for the commuters, especially for the countries experiencing hot and humid climate conditions. MAC system is essentially a vapor compression system that comprises of a refrigerant and compressor lubricant as the working fluid for the system. At present, the world is fronting with severe problem of global warming and greenhouse gas emissions in the atmosphere. The global CO 2 gas emissions have recorded an increase in more than 50% over the last two decades. The average increase that has usually been at the rate of 1.2% per annum, however, has grown to 2.3% in the past 10 years [1] . Also, the carbon monoxide (CO) emissions reported increased by 70% [2, 3] . MAC is claimed to be one of the contributing factors toward this issue. The compressor of an MAC system uses a high measure of energy from the automotive engine [2] . The compressor cycling process adds in additional loads that changes the engine's operating level and consequently increases the internal combustion temperature. The increase in the temperature increases the fuel consumption and, subsequently, the emission. European fuel consumption for refrigeration and heating by MAC usage has reported reaching 7 billion liters a year which is equivalent to 3.2% of the global fuel consumption, as stated by Rugh et al. [4] . They also explained that when the MAC system is used, the mileage decreases by about 20% and nitrogen oxide (NOx) increases by about 80%. Thus, the MAC system needs to be improved in order to reduce the greenhouse gas emissions.
As to date, various methods and strategies have been taken to improve the MAC system by focusing on the management controls and operations, and also through components optimization [5] . Nevertheless, the working fluid of the system (refrigerant and the lubricant) can also be improved to enhance the efficiency MAC system which eventually reduces the energy consumption. Nanotechnology has the potential for use in the heat transfer field, especially in vapor compression refrigeration system because of its augmentation in thermal properties that offers advantages in heat transfer [6] [7] [8] [9] [10] . The compressor lubricant PAG has been filled with several different types of nanoparticles to improve its properties, and this new lubricant is known as nanolubricant. Nanolubricant is a category of nanofluid which is shown to have better thermal properties, improved tribological properties and improved lubricant-refrigerant mixture solubility [11] [12] [13] [14] [15] [16] [17] [18] . At present, there is a significant amount of published studies describing the effectiveness of nanolubricant toward increasing the performance of vapor compression system [19] [20] [21] . For example, Kumar, Elansezhian [22] dispersed Al 2 O 3 nanoparticles in polyalkylene glycol (PAG). Al 2 O 3 /PAG/R134a refrigerant-nanolubricant mixture was improved the performance of the refrigeration system by 10.32% less energy. In another paper, further investigation on environmental friendlier R152a refrigerant using zinc oxide (ZnO) nanoparticle was done by Kumar, Elansezhian [20] . They observed that the power was reduced for up to 21%. Sabareesh et al. [19] were used TiO 2 nanoparticles in the mineral oil-based lubricant. They found that the coefficient of performance (COP) and average heat transfer rate were enhanced by 17% and 3.6%, respectively.
Redhwan et al. [23] have studied the thermo-physical properties (thermal conductivity and viscosity) of the SiO 2 / PAG nanolubricant. The SiO 2 /PAG is a nanotechnologyenhanced lubricant specially designed for MAC system compressor. The outcome of their studies is then compared with Al 2 O 3 /PAG from previous studies [24] . The result shows that the addition of SiO 2 nanoparticles into PAG base lubricant has increased the thermal conductivity of the nanolubricant by 3% and the viscosity up to 250% at 1.0% volume concentration, while the Al 2 O 3 /PAG nanolubricants increased the thermal conductivity and viscosity up to 4% and 758%, respectively, at a volume concentration of 1.0%. However, for a particular application like MAC system, the usable limit for viscosity is up to 100 cP. Thus, the allowable concentration level for SiO 2 /PAG is 1.0% and 0.3% for Al 2 O 3 /PAG to meet the applicable limit. This condition has been advantageous for SiO 2 /PAG nanolubricant as 1.0% volume concentration of SiO 2 /PAG has a better enhancement in thermal performance compared to 0.3% volume concentration of Al 2 O 3 /PAG. Moreover, the effect of different types of nanoparticles material on the same base fluid has also been discussed in various research papers [25] [26] [27] [28] . The earliest investigation on the nanolubricant composing of different nanoparticles materials for vapor compression system applications is performed by Soliman et al. [29] . Their findings on the performance cycle show that the CuO nanoparticles give the best enhancement of COP, evaporator heat absorption, and condenser heat release compared to TiO 2 , Al 2 O 3 , and SiO 2 . However, the reported finding is solely based on numerical simulation, and the relationship between nanolubricants concentration was not discussed in the paper.
The performance of vapor compression system with nanolubricant and nanorefrigerant has been explored in numerous investigations [11, 12, 30] . However, there is still lack of studies and experimental data on MAC vapor compression system operating with different nanolubricant. Thus, this research paper scrutinizes the influence of Al 2 O 3 nanoparticles dispersed in polyalkylene glycol (PAG) on the performance of the MAC. The performance of the system in terms of cooling capacity, compressor work, and COP is studied with and without Al 2 O 3 /PAG in the compressor of an MAC system. Finally, the finding of Al 2 O 3 / PAG nanolubricant is compared with the finding of SiO 2 / PAG nanolubricant obtained from Sharif et al. [31, 32] .
Methodology
The experimental procedure espoused in this study is methodically discussed in this section. The details of the MAC test setup, measurement instrument, and the equations used to analyze the performance parameter are briefly explained. Finally, the preparation method and the stabilization procedures of the Al 2 O 3 /PAG nanolubricant are discussed.
MAC experimental test setup
A prototype of the compact car MAC system is developed using the main components such as compressor, condenser, evaporator, expansion valve, and the piping system for this study. The component of the system is mounted on the inner frame following the position of an actual vehicle. R134a refrigerant and Al 2 O 3 /PAG nanolubricant for the compressor are used as the working fluid for the system. The typical automotive piston-type compressor (model: SWJ-7B08 Sanden) driven by 2.2 kW 3-phase induction motor with variable round per minute (rpm) via a belting system is used for the study. However, the magnetic clutch on the compressor is locked throughout the experiment to focus more on the performance of MAC system without the cycling process. The heat generated by the system is designed to be released from the multichannel-type condenser by using a motor fan. A few modifications to the evaporator system is made, and the actual evaporator cooling chamber is replaced with an evaporator calorimetric water tank system to ease the measurement process [33] . The cooling capacity and refrigerant mass flow rate measurement are obtained by following the ASHRAE Standard 41.9 (Standard Methods for Volatile-Refrigerant Mass Flow Measurements Using Calorimeters) [34] . The multichannel-type evaporator is properly soaked into an insulated 60-l capacity water tank with a water inlet and outlet attachment for the evaporator calorimetric water tank system. The aluminum pipes and flexible rubber hoses from the actual system are preserved to mimic the real condition of MAC system, whereas the thermal expansion valve (TXV) type is used to control flow rate and pressure of the system. The temperature difference in the heated water in inlet and outlet is obtained to determine the cooling capacity and refrigerant mass flow rate.
The schematic diagram of the MAC experimental rig system is shown in Fig. 1 . The data logger system with measurement instruments such as pressure gauge, thermocouple, digital power analyzer, and humidity is installed on the MAC system ( Fig. 1) for data capturing. A total of 12 temperature and 2 pressures reading at different locations is obtained. The sensors used in this study have been calibrated using the appropriate method. The measurement readings of pressure, temperature, mass flow rate, and water flow rates are monitored and recorded through the data logger.
The experiments are performed according to the SAE J2765 standard to investigate the performance and efficiency of nanolubricant in the MAC system. The SAE J2765 is a standard developed by the Society of Automotive Engineer International (SAE) which can be referred for the performance and efficiency testing procedures for MAC systems under steady-state conditions. Prior to the experimental test, the whole system is subjected to vacuum to check for leaks and to eliminate the moisture in the system. The experimental test setup is placed in special room with a constant ambient temperature of 25°C with an increment of ± 0.5°C and 50% relative humidity. Refrigerant R134a with the desired amount (95-145 g) is charged to the system using a refrigerant-charging machine. The slightly lower amount of the refrigerant is used following the requirement for compact and small cars. The MAC system is started 20 min in advance to secure the steady state of the system, and the average data reading is collected for 10 min. The response of the MAC system to the parameter variation [compressor speed (rpm), initial refrigerant charge (kg), volume concentration (%), and type of nanolubricant (Al 2 O 3 or SiO 2 )] is obtained.
The enthalpy at each point of interest is determined by obtaining the temperature and pressure data from the experiment, and from the R134a properties table. From the enthalpy value, the heat absorption (q L ), cooling capacity ( _ Q L ), refrigerant mass flow rate ( _ m r ), the compressor work (w in ), and coefficient of performance (COP) are determined by using Eqs. (1)-(4), respectively.
Uncertainty and Consistency analysis
Suitable equipment and sensors such as pressure gauge, water flow meter, K-type thermocouples, tachometer, and weighing scale are used in this study to measure the necessary parameters such as pressure, temperature, weight, speed, and mass flow rate accurately. The selected equipment and sensors are calibrated before the experiments. The calibration data are then compared with the manufacturer's uncertainty data. The uncertainty data for each equipment and sensors are summarized in Table 1 and given in the range of 0.008-1.266%, while the uncertainties of MAC performance analyses are shown in Table 2 for the range of 0.029-1.266%. Subsequently, the consistency analysis is performed to ensure a good reliability and reproducibility of MAC experiment result. Relative standard error (RSE) method is used to determine the consistency and precision of the experimental data as shown in Eq. (5). Each experiment is repeated for three times to acquire the average percentage of RSE. Table 3 shows the percentage of RSE for the coefficient of performance (COP), compressor work (w in ), cooling capacity ( _ Q L ), heat absorption (q L ), and mass flow rate ( _ m r ). Based on the percentage of RSE calculations, the obtained experimental data present with an error less than 1.2%.
Nanolubricants material and preparation 
multichannel evaporator Calometric Table 4 . The base lubricant chosen for the nanolubricant preparation is polyalkylene glycol (PAG). The physical properties of the PAG 46 lubricant at atmospheric pressure are shown in Table 5 [35, 36] . The Al 2 O 3 /PAG nanolubricant is prepared by the twostep preparation method. The intended volume concentration of nanolubricant in the present study is calculated using Eq. (6).
Upon the required volume concentration is obtained, the base lubricant is mix with the nanoparticles and stirred using magnetic stirrer for 1 h. (No surfactant is introduced throughout the nanolubricant preparation process.) Then, the step was followed by the ultrasonic homogenization process to stabilize the fluid suspension. The vibration caused by the ultrasonic process helps in breaking the agglomeration and reduces the cluster sizes of the nanoparticles [37, 38] . The stability evaluation is 
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Performance improvement in mobile air conditioning system using Al 2 O 3 /PAG nanolubricant 1303 performed using 4-Step UV-Vis Spectral Absorbency Analysis as suggested by Sharif et al. [39] . The 4-Step UVVis Spectral Absorbency Analysis is a method to assess the stability of the nanofluid by using an ultra violet-visible (UV-Vis) spectrophotometer. In the method, the peak wavelength of the nanolubricant (between 200 and 900 nm) is used as a reference point to find the BeerLambert absorbance against the concentration relationship, the optimum sonication time and the relative stability for an extended period in a stationary position.
Results and discussion
Stability evaluation
4-Step UV-Vis spectral absorbency analysis
The acquired absorbance spectra for Al 2 O 3 /PAG nanolubricant scanned between 200 and 400 nm wavelength is shown in Fig. 3a . From the figure, it appears that the peak absorbance for Al 2 O 3 /PAG nanolubricants is at 325 nm wavelength. From the obtained peak absorbance, the colloidal stability of all samples is tested based on 325 nm wavelengths (highest wavelength). However, prior to stability analysis, the linear relationship between absorbance and concentration is obtained, and the relation is ensured to follow the linear Beer-Lambert equation as depicted in Fig. 3b . From the linear relationship obtained, it can be observed that as the concentration of the nanofluid increases the absorbance also increases. Also, from the figure, the nanofluid concentration can be predicted by measuring the absorbance [40] . The ratio of immediate concentration, u over initial concentration, / o versus sedimentation time is plotted and depicted in Fig. 4 . From the graph, it evidently shows that the 1.5S sample (1.5 h sonication) is the most stable sample. An observation after 14 days (336 h) still shows the relative concentration, and / r is maintained above 90% compared to the initial concentration. The 1.0S sample (1.0 h sonication) has also demonstrated decent stability by above 80% concentration ratio after 336 h.
Interestingly to observe through concentration ratio reading, 2.0S (2.0 h sonication) shows poor stability with just 20% absorbance ratio after day 4 (96 h). Thus, ultrasonication initially would give positive effect toward stability but above 1.5 h, it gave negative impact toward Al 2 O 3 /PAG nanolubricant stability. This is supported the argument by Ghadimi et al. [41] where they mentioned after exceeding the optimized period of sonication process, it will cause more severe complications in clogging and agglomeration causing in fast sedimentation. The 2.0 h sonication initially will further reduce the size of agglomeration. But the smaller nanoparticles have higher surface energy; hence, it will increase the possibility of agglomeration of nanoparticle [42] . This is the possible reason why the 2.0 h sonication time has higher agglomeration and deteriorates the stability of Al 2 O 3 /PAG nanolubricant. A comparable stability condition is also obtained by Habibzadeh et al. [43] and Lee et al. [44] . Hence, it can be concluded that the Al 2 O 3 has the excellent Effect of nanolubricant on cooling capacity Figure 6a shows the cooling capacity, _ Q L as the function of volume concentrations. The figure apparently shows that the cooling capacity increases with the increase in volume concentrations up to 0.010% volume concentrations. Then, the cooling capacity observed to decline as the volume concentration is increased further. Although the thermal conductivity of Al 2 O 3 /PAG nanolubricant discussed to increases with the volume concentration, however, the practical volume concentration would be up to 0.010%. Since the higher the volume concentrations, the higher the viscosity is and hence reduces the mass flow rate which dominantly influences the cooling capacity. After 0.010% volume concentration of Al 2 O 3 /PAG nanolubricant, the cooling capacity value goes even below than the pure PAG lubricant. It can also be observed from Fig. 6a that the cooling capacity increases with the increase in compressor speed. From the graph, the highest cooling capacity of 1.403 kW is attained at 0.010% volume concentration and compressor speed of 2100 rpm. Figure 6b depicts the compressor work, w in as the function of volume concentrations. From the figure, the compressor work is seen to decrease with the increase in volume concentrations up to 0.010%. However, after that, the compressor work increases with the increase in volume concentrations (above 0.010%), whereas the compressor work at a volume concentration of 0.014% is found to be similar to the of pure PAG lubricant. However, the compressor speed of 900 rpm demonstrates the lowest reading of compressor work among all other speeds, whereas the pure PAG recorded 20.7 kJ/kg of compressor work at the same compressor speed. Thus, it can be concluded that Al 2 O 3 /PAG nanolubricant with 0.010% volume concentration and compressor speed of 900 rpm recorded the lowest measured value of compressor work (15.1 kJ/kg), a reduction by 27.1% compared to pure PAG. Also, from the tribological aspect, dispersing nanoparticle in compressors lubricant enhances the system's efficiency without clogging the MAC system [46] . Figure 6c describes the COP of the MAC system as the function of volume concentrations. From the theory of thermodynamics, COP of a vapor compression refrigeration system (VCRS) is the ratio of heat absorb by the evaporator over the work done by the compressor as depicted by Eq. (4). The enhancement of the COP can be elevated either by increasing the heat absorb and upholding the work done by the compressor or reducing the work done by the compressor and retaining the heat absorb by the evaporator. However, it would be the best choice if the COP could be enhanced by increasing the heat absorb of the evaporator and decreasing the work done by the compressor. From Fig. 6c , the Al 2 O 3 /PAG nanolubricant with 0.010% volume concentrations and compressor speed of 900 rpm observed to have the maximum COP value of 11.74. The COP value declines as the volume concentrations increase more than 0.010%, whereas the pure PAG lubricant recorded lower COP value (7.93) for the same compressor speed. Although the COP value observed to descent after 0.010% volume concentrations, the COP value at 0.012% volume concentration of Al 2 O 3 /PAG nanolubricant is still higher than the value of pure PAG lubricant. The COP value at 0.014% volume concentration of Al 2 O 3 /PAG nanolubricant, however, is comparable with the pure PAG lubricant. The graph also indicates that by increasing the compressor speed, the efficiency of the MAC system decreases. Sabareesh et al. [19] observed a similar pattern of COP when they employed TiO 2 /MO in VCRS. They also summarized that TiO 2 /MO with 0.010% volume concentration gives the optimum COP value.
Effect of nanolubricant on compressor work
Effect of nanolubricant on COP
Effect of different nanoparticles types on MAC performance
Na et al. [47] in their investigations have proved that different types of compressor oils have different characteristics in terms of performance and tribology. Likewise, a different type of nanoparticles has also different effects toward the performance of MAC system even though the fundamental properties such as inconsistency, material instability and lubrication remain or increase over standard lubricants. The thermo-physical properties such as viscosity and thermal conductivity are also shown to directly influence the performance of MAC system. The present finding is compared with the previous experimental outcome reported by Sharif et al. [23] and Sharif et al. [31] . The experimental setup and base lubricant used in both studies are the same. The comparison is made to further highlight the performance of the MAC with the difference nanoparticles material. Figure 7 shows the comparison of cooling capacity enhancement between both types of nanolubricant at different compressor speed. From the figure, the [23, 26] . Adding to that, the Al 2 O 3 nanoparticles used in the present work are smaller (13 nm) compared to SiO 2 nanoparticles with 30 nm [23] which creates less obstruction to the flow of the working fluid in the component and piping system of the MAC system. Also, the smaller size nanoparticles lead to the higher mass flow rate which further increases the cooling capacity at higher compressor speed. Hence, it is apparent that the Al 2 O 3 /PAG MAC system has the best overall cooling capacity compared to the other considered lubricant.
The graph of compressor work reduction against compressor speed is shown in Fig. 8 . The fluctuation pattern observed in the graph shows that there are no explicit relationships between the compressor work reductions and compressor speed for both types of nanolubricant. However, the Al 2 O 3 /PAG MAC system has the higher percentage of compressor work reduction compared to SiO 2 / PAG. The enhancement is believed to be caused by the smaller Al 2 O 3 nanoparticle size which provides better lubrication and friction to the compressor, whereas Fig. 9 shows the COP enhancement versus the compressor speed for different types of nanolubricant. From the graph, it can be ascertained that the COP enhancement shows an independent pattern against the compressor speed. However, the COP enhancement of MAC system with Al 2 O 3 /PAG is apparently higher than the SiO 2 /PAG nanolubricant. This higher COP witnessed is due to the high thermo-physical properties of the Al 2 O 3 /PAG nanolubricant and lower compressor work. The significant of these comparative values is statistically checked by employing the analysis of variance (ANOVA). The value of f(1,8) = 11.009 is determined. The f ratio value is found more than the critical value of 5.32. Hence, the p value is attained with less than 0.05. Henceforth, it is proved that the COP value is found statistically significant. The ANOVA is summarized in Table 6 . Performance improvement in mobile air conditioning system using Al 2 O 3 /PAG nanolubricant 1307
Effect of nanolubricant on MAC components
Cooling coil (evaporator) with mini channels and thin walls operated with nanolubricant were suspected to encounter problems such as clogging and erosion that eventually may create problems which might influence the overall performance of the MAC system. Figure 10a shows the critical exposed area where further visual inspection can be done.
After thorough visual investigations, it was observed that no area of the inside mini wall cooling coil was affected by the erosion. Further observations also found that no sedimentation occurred inside the cooling coil mini channel wall. From the critical observation, it was found that no sedimentation occurred in the mini channels of the cooling coil. Hence, no evidence shows that Al 2 O 3 /PAG nanolubricant would create clogging and erode the insides of the mini wall channel of the cooling coil. The effects of the Al 2 O 3 /PAG nanolubricant on the compressor were also investigated. Figure 10b depicts the body of compressor that is cut into half to expose the cylindrical piston wall for visual inspection purposes. From the critical visual inspection, it is found that no scratch is visible on the cylindrical piston wall. The wall is also smooth, and the glossy surface finish is maintained. Hence, the use of Al 2 O 3 /PAG nanolubricant in the MAC system does not give negative effects on the MAC compressor. It can be concluded that the MAC system running with low volume concentrations of Al 2 O 3 /PAG nanolubricant does not negatively affect the components of the MAC, and the system is working normally.
Conclusions
The formulation and preparation of the Al 2 O 3 /PAG nanolubricant are elucidated in greater detail in this paper. The stability of Al 2 O 3 /PAG nanolubricant was performed and accomplished using the 4-Step UV-Vis Spectral Absorbency Analysis. The stability evaluation was conducted by using UV-Vis spectrophotometer, visual sedimentation observation, and zeta potential endorses that Al 2 O 3 /PAG nanolubricant with 0.010% volume concentration has the excellent stability for an extended period, while the performance of the MAC system was studied by evaluating main parameters such as coefficient of performance (COP), cooling capacity, heat absorption, and compressor work. The obtained cooling capacity, compressor work, and COP at a various volume concentration of Al 2 O 3 /PAG nanolubricant are discussed. The Al 2 O 3 / PAG nanolubricant with 0.010% volume concentration proved to provide the best performance of the MAC system. The maximum recorded COP enhancement for Al 2 O 3 / PAG nanolubricant is 31% with an average enhancement of 28%. Furthermore, at 0.010% concentration, the system 
